Inductively coupled plasma mass spectrometry (ICP-MS) is a suitable tool for multi-element analysis at low concentration levels. Rare earth element (REE) determinations in standard reference materials and small volumes of molten ice core samples from Antarctica have been performed with an ICP-Time of Flight-MS (ICP-TOF-MS) system. Recovery rates for REE in e.g. SPS-SW1 amounted to ~103%, and the relative standard deviations were 3.4% for replicate analysis at REE concentrations in the lower ng L 
Introduction
Inductively coupled plasma mass spectrometry (ICP-MS) is a powerful technique for analysis of the elemental composition and isotope ratios for diverse kinds of samples (environmental, geological and biological samples). Various techniques for mass selection are used in ICP-MS. Sector Field mass spectrometers (SF-MS) [1] and Quadrupole mass spectrometers (Q-MS) [2] have been the most common MS types used for the analysis of natural samples so far. Both instruments scan one element after another, which is called sequential analysis. Often the number of isotopes analysed is limited owing to small sample volumes and thus short analysis times. In contrast to the sequential MS systems, the Time of Flight-MS (TOF-MS) system (Elga, High Wycombe, U.K.). Matrix matched calibration was performed at IDPA by spiking different amounts of multi-element standard to a melted surface snow sample. At AWI, all standards were acidified to pH 1 with sub-boiled HNO 3 (distilled 65% HNO 3 , pro analysis, Merck) and they were spiked with 1 μg L -1 Rh (RhCl 3 , Merck) as internal standard.
Eppendorf pipettes with polypropylene (PP) tips were used for sample and standard preparation. Steps for standard preparation were carried out under a clean bench US Class 100 installed in a clean room US class 10000. At AWI, all labware to which samples and standards were exposed were run through a special cleaning procedure (see supplementary material). The cleaning procedure performed at IDPA is described elsewhere [1] .
Sample collection and preparation

Reference material
Two reference materials were used to validate the quality of the ICP-TOF-MS as well as the ICP-Q-MS measurements: 1) SPS-SW1: Spectrapure Standards AS, Reference Material for measurements of Elements in Surface Waters, 2) SLRS-4: National Research Council Canada, River Water Reference Materials for Trace Metals. For applicability to the low REE concentrations expected in Antarctic ice the SPS-SW1 standard was diluted by 1:100. REE from La to Nd in SLRS-4 were determined using a 1:10 dilution, while all other REE were determined without any dilution.
Antarctic Ice Core samples
Within the EPICA two deep ice cores were drilled. One at Kohnen station in Dronning Maud Land (DML) and one at Dome C station (DC). Nine samples from the EPICA-DML (EDML) ice core and eleven samples from EPICA-DC (EDC) were chosen for REE analysis. Sample ages from 14.2 kyr before present (b.p., where present is defined as 1950) to 48.7 kyr b.p. [24] [25] , i.e. all samples originate from the ultimate glacial period. For each sample a section from the inner part of the ice core was obtained for REE determinations to avoid contamination by the drilling fluid (see supplementary material). At AWI, samples were melted and transferred into pre-cleaned polyfluor alkoxy (PFA) vessels under a clean bench US Class 100 installed in a clean room laboratory US Class 10000. The polystyrene (PS)-vials used for sample storage were rinsed with 10 mL sub-boiled HNO 3 (1 Mol L -1 ) which was added into the PFA vessels. Samples were concentrated to 0.5 to 2 mL with a pressure digestion system (Druckaufschlusssystem DAS, Picotrace GmbH, Germany; Figure S2 , left side) and digested using 2 mL sub-boiled HNO 3 (distilled 65%, p.a., Merck), 1 mL sub-boiled HF (40%, suprapure, Merck) and 2 mL H 2 O 2 (30%, suprapure, Merck) with the same DAS system by changing the top part ( Figure S2 , right side). Subsequently, samples were concentrated to a maximum volume of 1.75 mL. Detailed information about the concentration and digestion of samples is given as supplementary material ( Figure S2 , Table S1 ). Finally, samples were transferred into polypropylene (PP) vials, Rh was added (1 μg L -1 ) and the vials were filled up to a volume of 2 mL with subboiled HNO 3 (1 Mol L -1 ). On average, samples were concentrated by a factor of 4. Using these 2 mL samples, REE determinations by ICP-TOF-MS, ICP-Q-MS and ICP-SF-MS were accomplished. Ten blanks (2 mL sub-boiled HNO 3 , 1 mL HF and 2 mL H 2 O 2 ) were processed in the same way to test the digestion quality.
Instrumentation
The analytical measurements were conducted at AWI by ICP-TOF-MS (Analytik Jena, Jena, Germany) and ICP-Q-MS (Elan 6000, Perkin Elmer/Sciex, Waltham, Massachusetts).
Analyses by ICP-SF-MS (Element2, Thermo Finnigan, Bremen, Germany) were performed at IDPA. The experimental setup for the ICP-TOF-MS is shown elsewhere [12] . The ICP-TOF-MS and the ICP-Q-MS were situated in clean room laboratories, US Class 10000; the ICP-SF-MS is equipped with a US Class 100 clean bench as a clean sample introduction area.
To minimize spectral interference and oxide-formation, microflow nebulization systems with desolvating units were used (Aridus II (for ICP-TOF-MS), MCN6000 (for ICP-Q-MS), Aridus I (for ICP-SF-MS); all: Cetac Technologies, Omaha, Nebraska). These three systems were equipped with a 100 μL min -1 PFA nebulizer, a heated PFA spray chamber, and a heated microporous PTFE membrane. Besides reducing the oxide formation, the signal intensities increased by a factor of ~10 when compared to analysis with cross flow nebulization for ICP-TOF-MS and ICP-Q-MS and by a factor of ~5 for ICP-SF-MS. The instrument settings (Table 1 ) and the oxide-forming rates of all systems were optimized daily by tuning with a Ce solution.
The main difference between the three sample introduction systems consists in the installation of the spray chamber with respect to the installation of the membrane. Due to vertically installation of the spray chamber in the MCN6000 and slightly downward tilted position in the Aridus I system, larger droplets might pass towards the membrane leading to less stable signals, when the sample flow is not adjusted carefully. In contrast, the spray chamber is slightly upward tilted in the Aridus II system to disable larger droplets to pass towards the membrane, leading to more stable signals. Moreover, in the Aridus II system the nebulizer and spray chamber are shielded to reduce electrostatic effects. Even if different sample introduction systems were used it was expected that only the relative standard deviation (RSD) of replicate analysis was influenced. 
Results and discussion
Performance of the ICP-TOF-MS system
To counteract sensitivity drifts, three calibrations were run every day. The linearity of calibration curves was checked by analysing standards at the end of an analysis cycle. Linearity was ascertained from 1 ng L -1 to 5 μg L -1 . Seven calibration standards ranging from 1 ng L -1 to 500 ng L -1 were analysed ten times per calibration. The calibration range was chosen according to the concentrations expected in the Antarctic ice samples. Table 2 shows averaged calibration data from five calibrations over two days. Using the Aridus II as the sample introduction system the sensitivity of the tuned ICP-TOF-MS system ranged between 16000 and 32000 counts per second (cps) and μg L -1 depending on the REE (see slope in 
Accuracy and Precision of the ICP-TOF-MS and ICP-Q-MS
Two reference materials, SPS-SW1 and SLRS-4, were analysed. Certified REE concentrations are only available for SPS-SW1, each concentration amount being 500 ng L -1 . 
with SD (10 replicate measurements) in reference materials SPS-SW1 and SLRS-4 obtained by ICP-TOF-MS and ICP-Q-MS. Recovery rates in % for reference material SPS-SW1 are shown in brackets below the concentrations obtained by ICP-TOF-MS and ICP-Q-MS. Concentrations of reference materials SPS-SW1 were derived by analysing a 1:100 dilution. REE from La to Nd in SLRS-
Interference studies
To reduce problems with spectral interferences in ICP-TOF-MS, for REE mainly represented by oxides, the described desolvation unit was used. Additionally, equations were compiled to calculate the residual fractions of the interfering species. 
Long term stability of the ICP-TOF-MS
Concentrations in Antarctic ice core samples
An inter-comparison exercise between three different ICP-MS systems was carried out to illustrate the performance of the ICP-TOF-MS. Figure 1 shows correlation diagrams for REE concentrations obtained by the three different MS systems. For the linear fit function the uncertainties linked to each REE concentration were taken as weighting parameters (
, n = number of replicate analysis). The intercept was assumed to be zero. Table S3 lists all concentration data. All concentrations of Antarctic samples were calculated accounting for concentration after digestion (on average a factor of 4) and after subtracting blank. In general SDs obtained by ICP-Q-MS were much higher compared to the other two MS systems. However, ICP-Q-MS data agreed very well with ICP-SF-MS results. ICP-TOF-MS data were on average slightly higher than concentrations obtained by ICP-Q-MS and on average slightly lower when compared to ICP-SF-MS. Diagrams illustrating ICP-TOF-MS data show on average stronger deviation from the linear fit curve at lower concentrations than the correlation diagrams comparing ICP-SF-MS and ICP-Q-MS data. For interpretation of correlation diagrams the concentration factor has to be taken into account. Concentrations analysed were about a factor of four higher than concentrations shown in Figure 1 and Table S3 . Calculated concentrations range between 0.6 to 260 ng L 
in Antarctic ice core samples plotted as ICP-Q-MS concentrations vs. ICP-TOF-MS concentrations, ICP-SF-MS concentrations vs. ICP-TOF-MS concentrations and ICP-SF-MS concentrations vs. ICP-Q-MS concentrations with associated parameters for a linear fit
Comparison of ICP-MS systems
Conclusions
REE analysis of standard reference materials showed that the ICP-TOF-MS system is best suited for the determination of trace elements with concentrations up to 500 ng L -1 . The accuracy and precision found for the reference standard SPS-SW1 are very good. The study of reference materials and inter-comparison exercise between ICP-TOF-MS (Analytik Jena AG), ICP-Q-MS (Elan6000 PerkinElmer/Sciex) and ICP-SF-MS (Element 2, Thermo Finnigan) systems showed that the ICP-TOF-MS system determines accurately and precisely REE concentrations exceeding 5 ng L -1 and that the accuracy and precision between 0.5 and 5 ng L -1 is element dependent. The data indicate that the ICP part of the system is not ideal. It is therefore expected that with improved plasma conditions the ICP-TOF-MS technique may become a very attractive alternative to the ICP-Q-MS and ICP-SF-MS techniques. In general, the expected REE concentrations and the available sample volume can define the kind of ICP-MS to be chosen for analysis. The ICP-SF-MS is the most sensitive method for REE determination and therefore it is recommended when the concentration range is unknown or the sample amount is very small. However, in practical analysis the IDL, resolution on interferences, sample throughput, sample consumption, analytical stability and cost are also important parameters which influence the choice of the ICP-MS system.
Supplementary Material
In the supplementary material information about the cleaning procedure of labware at AWI, the EPICA ice core samples and the separation of the samples used for ICP-MS analysis from the inner part of the ice cores are provided. The concentration and digestion of Antarctic ice core samples is shown in Figure S1 and Table S1 . Table S2 shows the determined REE isotopes with natural abundances and potential interference species, which are taken into account for evaluating ICP-TOF-MS data. Table S3 lists all concentration data, with SD, of Antarctic ice core samples obtained by ICP-TOF-MS, ICP-Q-MS and ICP-SF-MS analysis.
Cleaning procedure of labware performed at the AWI At AWI, all labware to which samples and standards were exposed were run through a special cleaning procedure -1 week treatment with 3% Mucasol solution (Merck) to degrease all labware, followed by rinsing of all parts with ultrapure water -1 week treatment with 1:4 diluted HCl (30%, suprapure, Merck), followed by rinsing of all parts with ultrapure water -1 week treatment with 1:4 diluted HNO3 (distilled 65%, p.a., Merck), followed by rinsing of all parts with ultrapure water -1 week treatment with 1:10 diluted HNO3 (65%, suprapure, Merck), followed by rinsing of all parts with ultrapure water -Drying of all parts in a clean room US Class 10000 under a clean bench, US Class 100 -Packing of all parts in 2 polyethylene (PE) bags for storage
Information on ice core samples and separation of the inner part of the ice core
Within EPICA, a 2774.15 m long ice core (diameter: 98 mm) was drilled in a fluid filled hole at Kohnen station (Dronning Maud Land (DML), location: 75°00'S, 0°04'E). A 3189.45 m long ice core (diameter: 98 mm) was drilled in a fluid filled hole at EPICA Dome C station (location: 75°06'S, 123°21'E) [1] [2] . Samples from Kohnen station are called EDML samples and samples from Dome C station are referred to as EDC samples. 9 samples from the EDML ice core and 11 samples from the EDC ice core were chosen for REE analysis. All samples originate from glacial times. Samples from Kohnen station cover the period from 16.6 kyr before present (b.p., where present is defined as 1950) to 48.7 kyr b.p. [3] . The top of the youngest Dome C ice core sample was 14.2 kyr old and the bottom of the oldest ice core was 21.5 kyr old [4] . A section from the inner part of the ice core was available for REE analysis. From the top of each ice-core sample a 30 cm long section was cut using a band saw, stored in a cold room at -20°C at the Laboratoire de Glaciologie et Geophysique de l'Environment (Grenoble, France) and used for further sample preparation steps. The sample surface was decontaminated in a first step by sawing 1 cm off the surface with a band saw. The 30 cm long section was divided into three 10 cm long parts. Each part was rinsed with 1 to 2 L ultrapure water three times. In consequence of this procedure the weight of each part was reduced by 50%. The three parts of each section were placed in pre-cleaned high density polyethylene (HDPE) bottles and melted at room temperature. Samples were dispersed by pivoting; aliquots were filled in polystyrene (PS) vials and finally stored at -20°C. 
